Abstract Purpose: To develop an in vitro method for tagging embryos and to compare the development of the embryos after nanoparticles injection versus externally-applied nanoparticles derived from either polystyrene or polyacrylonitrile.
Introduction
The tagging of cells using fluorescent fusion proteins has been carried out for the purpose of tracking the intracellular movement of proteins, signaling dynamics or nuclear activity [1] [2] [3] . The need to tag and identify embryos during assisted reproductive technologies (ART) is important and the availability of synthetic nanoparticles may address such a need. A nanoparticle or ultrafine particle has a particle mass of less than 100 nm in diameter. Nanoparticles are made from materials such as cadmium selenide [4, 5] , gold [6] , silver [7] , perylene [8] , polystyrene [9] , carbon [10, 11] , iron oxide [12] , silica [13] , titanium dioxide [14] . Some types of nanoparticles are organic-based such as latex [15] , polylactic acid [16] , polyglycolic acid [17] and polyalkylcyanoacrylate [18] while others are based on carbon, sulfates, nitrates [19, 20] , aluminum, silicon, or titanium [21] .
In applied medicine, nanoparticles are used to tag antibodies to identify molecules, organisms, or nucleic acid sequences. In addition, they are used as nanoshells to deliver drugs for cancer or gene therapy [22] , tissue implants and cellular imaging [23, 24] . Nanoparticles are commercially available in specific sizes and identifiable colors. A preliminary step would be to ascertain the feasibility of placement of the nanoparticles in the embryo either injected internally or externally in the culture medium. Hence, the hypothesis was that embryos could be tagged internally or externally using nanoparticles. The objectives were: (a) to assess the development of embryos after nanoparticles injection versus externally-applied nanoparticles and (b) to compare development in 2 different types of nanoparticles, an inorganic-based polystyrene and an organic-based polyacrylonitrile nanoparticles.
Materials and methods

Preparation of mouse embryos and nanoparticles
Cryopreserved one-cell mouse embryos in plastic straws (Embryotech Laboratories, Wilmington, MA) were thawed at room temperature (22
• C) for 2 mins, warmed at 37
• C for 2 mins, and cooled at room temperature for another 2 mins before being expelled into G1.3 culture medium (Vitrolife, Inc. Englewood, CO) and washed by passage through medium droplets. The embryos were pooled according to a randomization protocol and were incubated at 37
• C, 6% CO 2 in air mixture in double-welled Falcon culture dish (3037, Becton Dickinson and Co., Oxnard, CA) with sterilefiltered water in the outer moat for humidity. The pooled embryos were divided into 2 groups for the internal versus external nanoparticles experiment. The experiment was repeated 3 times and the results analyzed as described below.
Two different types of nanoparticles were utilized. The first type was from a kit (Constellation kit, Molecular Probes Inc., Eugene, OR) containing mixed-size ultrafine polystyrene particles ranging from 40 nm to over 120 nm microsphere-size particles. The different fluorescent colors corresponded to the particle size. The smallest particles fluoresced green or red and were barely visible under high magnification (500 × ) UV epi-fluorescence microscopy. The larger nanoparticles were clearly visible and the colors easily distinguished.
The second type of nanoparticles was 40 nm carboxylated polyacrylonitrile nanobeads (Fluka Chemie AG GmbH, Buch, Switzerland). These particles appeared as an orangered fluorescent hazy cloud under high magnification UV epiflourescence microscopy. All nanoparticles were washed by high-speed centrifugation, resuspended in G1.3 medium and tested at either 0 (nanoparticles-absent control) or at 14-16 million/mL.
Intracytoplasmic injection of nanoparticles
Ideally, the nanoparticles could be injected together with the sperm into the ooplasm during the ICSI procedure but for the purposes here, injection of fertilized one-cell embryos was performed. The embryos were pipetted into microdrops (100 uL) of G1.3 culture medium maintained under paraffin oil (Day 0). Using micromanipulation techniques, each embryo was removed and held in place by a holding pipet and 'tagged' using a small volume (equal to the volume used in the ICSI procedure) of either polystyrene or polyacrylonitrile nanoparticles injected into the cytoplasm of the embryo. Care was taken to avoid injecting in the area proximal to the 2 polar bodies to avoid disrupting the chromosomes. The negative control consisted of sham injection of the embryos. The injected embryos were placed into culture medium (1 mL) at the center well of the double-well marked dishes and incubated at 37
• C, 6 % CO 2 in air mixture. After 2 days of incubation, the developmental stages of the embryos were assessed by phase contrast microscopy. Additionally, the embryos in the culture dishes were exposed to UV light on the stage of a UV fluorescent microscope for an arbitrary 5 s to simulate the identification process for the embryos. The embryos were further incubated until day 6 and embryo development assessed.
Externally-applied nanoparticles
One-cell mouse embryos were cultured in G1.3 medium in double-well petri dishes at 37
• C, 6 % CO 2 in air mixture. The embryos were externally 'tagged' with specific nanoparticles (14-16 million/mL polystyrene or polyacrylonitrile) pipetted into the medium containing the embryos (Day 0). The control embryos received G1.3 culture medium. All the embryos were incubated for 2 days and the embryonic stage of development assessed. Aliquots of culture medium from the dishes with embryos were pipetted out and examined for type and color of nanoparticles under UV-epifluorescence microscopy in a simulated identification procedure. The embryos were further incubated until day 6 and embryo development assessed.
Statistical analysis
The embryos were assessed for development from the onecell stage to the 2 to 8-cell stages after 2 days of incubation. Assessment after 48 h of culture was carried out to rule out inhibited embryo development due to the 2-cell block noted for in vitro cultures. The number of blastomeres were counted for each embryo and fragmentation or degeneration noted. After 6 days of incubation, the embryos were assessed for blastocyst development. Advanced development of blastocysts were characterized by hatching or hatched with evidence of empty zona pellucida shells. The results were presented as mean ± standard error of the mean (S.E.M.). Significant difference was tested using the Chi-square test statistic (Epistat Services, Richardson, TX). A difference with P < 0.05 was considered significant.
Results
After 2 days of incubation, the percentages of developed embryos were significantly lower in the groups injected with Springer Note. The development of embryos were analyzed after the nanoparticles were either injected into fertilized 1-cell mouse oocytes or added into culture media containing the 1-cell mouse embryos and cultured for 6 days. Internal-injected embryos also received a 5 s UV exposure from an epifluorescent microscope simulating the identification procedure. Results are presented as mean ± S.E.M. a Different from control. P < 0.05.
both types of nanoparticles when compared with the shaminjected control group (Table 1) . Although the group of embryos injected with polystyrene-based nanoparticles had a numerically higher percentage of development when compared with the polyacrylonitrile group, this difference was not statistically significant. Very few embryos developed to the blastocyst stage following the brief UV light exposure required for the identification process to characterize the nanoparticles. The group of embryos co-incubated with external polystyrene nanoparticles had a similar percentage of development as the control on Day 2. Furthermore, on Day 6, development to the blastocyst stage was similar for embryos in the polystyrene nanoparticles and control groups. In contrast, embryos co-incubated with the polyacrylonitrile nanoparticles had a significantly lower percentage of development on Day 2 and further development ceased. On Day 6, embryos co-incubated with either type of nanoparticles had lower percentages of hatching blastocysts when compared with the control.
Larger nanoparticles injected into the one-cell embryos could be observed in the blastomeres of the developing embryo as fluorescent colored light dots. Polyacrylonitrilebased nanoparticles inside the embryo imparted a faint fluorescent orange-red glow to the blastomeres (Fig. 1B) . The number of injected nanoparticles appeared to be equally divided in the blastomeres of each embryo. The intracellular location of the nanoparticles was random and did not aggregate around any particular organelle or structure. Interestingly, larger nanoparticles were frequently observed in the intercellular space outside the blastomeres but still remaining inside the zona pellucida enclosed embryo.
Discussion
The present study demonstrated that for the purpose of tagging and identifying embryos, externally-applied nanoparticles co-incubated with the embryos had the advantage over injected nanoparticles in terms of embryo development. One-cell embryos developed to blastocysts when coincubated with the mixed-size polystyrene-based nanoparticles. The result was consistent with a recent study using 2-cell mouse embryos [25] . Removing an aliquot of medium surrounding each embryo and determining the color of the nanoparticles should assist in identifying the embryo origin. Not surprisingly the larger nanoparticles at microsphere sizes were easier to identify using the fluorescence microscope and were preferable for tagging procedures. The advantages of tagging with nanoparticles over separate embryo cultures included: (a) the one-time only tagging at the beginning of culture, (b) reduced mistakes from incorrect culture dish labeling during transfer into fresh culture medium, (c) inexpensive compared with radio frequency identification (RFID)-based labels, (d) reduced requirement for multiple dishes and incubators and (e) as an additional back-up identification marker for embryos.
In contrast to the external nanoparticles group, polystyrene nanoparticles injected into the embryo reduced embryo development. Results from the sham-injected embryos suggested that the inhibited embryo development did not involve mechanical disruption resulting from the intracytoplasmic injection procedure. In contrast to mammalian embryos, a study of amphibian Xenopus embryos injected with cadmium selenide based quantum dot nanoparticles did not show any evidence of cellular disruption [5] .
Note that different nanomaterials would yield different results as evidenced by the inhibitory effect of both externallyapplied and injected polyacrylonitrile-based nanoparticles on mouse embryo development. The results from the polyacrylonitrile nanoparticles suggested that this nanomaterial mainly had an effect on the 8-cell embryo, a cell stage physically characterized by compaction, blastomere membrane fusion and intercellular gap junction communication [26] . The nanoparticles were localized in all blastomeres without translocating to any specific organelles. However, in amphibian Xenopus embryos, the nanoparticles were initially in the cytoplasm but with rapid cell division, the nanoparticles translocated to the nuclei by the mid-blastula stage [2] .
An interesting observation was the inhibition of the blastocyst hatching process by the polystyrene-based nanoparticles while no blastocysts developed in the polyacrylonitrile group. The mechanisms for the lack of continued embryo development remained unknown. Studies in other cell types have shown that internalized nanoparticles [7] derived from materials other than that tested here disrupted fibroblast and cancer cells after adhering to the cell membranes, impaling and/or releasing toxic ions [27] [28] [29] [30] [31] [32] . Moreover, nanoparticles internalized into cells increased the reactive oxygen species (ROS), elevated intracellular calcium, activated transcription factors [10] and initiated apoptosis or cell death [14] . Although these events have not been reported for embryos, the possibility exists that specific nanomaterials may interfere with the further development of the blastocysts. This suggested the need to assess and identify nontoxic nanomaterials such cadmium selenide for tagging embryos in future studies. Notably, the importance of the finding is tempered by the fact that embryos are transferred back before Day 6 and before the hatching stage in ART programs.
In summary, the present study showed that externallyapplied nanoparticles co-incubated with the embryos were more suitable for tagging embryos in comparison with injected nanoparticles. Polystyrene-based nanoparticles supported limited embryo development up to the blastocyst stage while polyacrylonitrile-based nanoparticles exhibited embryotoxicity. More studies are needed to investigate the effects of different types, concentrations and sizes of nanoparticles suitable for tagging and identifying embryos.
